This experiment was conducted to study the effects of fasting and refeeding on expression of the atrogin-1 and Akt/FOXO signaling pathway in skeletal muscle of chicks. Chicks were fasted for 24 h and refed for 2 h. Atrogin-1 mRNA expression was increased by fasting, and their increment was reduced by refeeding. Phosphorylations of Akt and FOXO1 were not decreased by fasting, but, they were increased by refeeding. These results indicate that refeeding stimulates phosphorylation of Akt/FOXO, resulting in a decrease in atrogin-1 expression in skeletal muscle of chicks.
Fasting induces an increase in the protein degradation of skeletal muscle in humans and animals. [1] [2] [3] On the other hand, feeding stimulates anabolism through a suppression of proteolysis and a stimulation of protein synthesis, 4) although the precise mechanisms responsible for these effects remain to be elucidated. Rates of protein synthesis in tissues of growing animals are highly sensitive to the immediate intake of food, 5) and muscle protein synthesis in animals is particularly sensitive to food intake, 5) but, it is not clear whether changes in muscle protein degradation occur in vivo in response to food intake. Although our knowledge of the cellular and molecular mechanisms of proteolysis has increased dramatically in recent years, 6) there is very little information about the in vivo nutritional regulation of the different proteolytic pathways in tissues. 7) Proteolysis in fasting is due primarily to activation of the ubiquitin-proteasome proteolytic pathway, 8, 9) whereby the proteins destined to be degraded are linked to a chain of ubiquitin molecules, which targets them for rapid breakdown by the proteasome. 10) Evidence suggests that atrogin-1, an E3 ubiquitin ligase also referred to as MAFbx (muscle atrophy F-box), plays a pivotal role in muscle atrophy. 11, 12) Atrogin-1 is expressed only skeletal muscle. Its expression is increased in catabolic conditions that result in muscle atrophy. [11] [12] [13] [14] The factors and mechanisms regulating atrogin-1 in catabolic states are poorly understood. A number of studies have shown that serine-threonine kinase Akt (protein kinase B) is an important regulator of cell growth 15) and survival. 16) The FOXO subfamily of forkhead transcription factors are a downstream target of Akt. This subfamily consists of three members, FOXO1 (FKHR), FOXO3a (FKHRL-1), and FOXO4 (AFX), which are all inactivated by Akt. 17, 18) It was shown recently that Akt can dominantly inhibit induction of the atrophy gene of atrogin-1 by phosphorylating and thereby inhibiting the function of the FOXO transcription factors, 19, 20) but the regulation and function of forkhead transcription factors in skeletal muscle are poorly understood.
In the present study, the mechanism through which food intake suppresses atrogin-1 expression and stimulates phosphorylation of Akt and FOXO1 was examined in chick skeletal muscle in vivo.
One-day-old male layer chicks were supplied by a local commercial hatchery (Kasumigaura-Furanjo). They were housed in an electrically-heated battery brooder and were provided with water and a commercial starter diet (Shimizukou-shiryou) ad libitum for 7 days. On day 7, 18 birds of similar body weight (about 80 g) were selected and housed in wire-bottomed aluminum cages, and six replications were made per treatment. The birds were given free access to a semi-purified corn soybean meal diet (crude protein 20%, metabolizable energy 2,900 kcal/kg diet) and water for 7 d. At the start of the experiment, 14-day-old chicks weighing 140 AE 3 g were divided into groups and caged separately. Fed chicks were maintained as described above. Fooddeprived chicks had food removed 24 h before they were killed. Refed chicks were food-deprived for 24 h and then refed for 2 h. The experimental procedures used in this study met the guidelines of the Animal Care and Use Committee of the National Institute of Livestock and Grassland Science.
Gastrocnemius muscles were rapidly excised, frozen in liquid nitrogen, and stored at À80 C. Total RNA was extracted using TRIzol Reagent (Invitrogen Life Technologies) according to the manufacturer's protocols. cDNA was synthesized from 1-1,000 ng of total RNA using random hexamer (TaKaRa) and ReverTra Ace (TOYOBO). Real-time PCR primers were designed (software Primer3, http://www.broad.mit.edu/cgi-bin/ primer/primer3 www.cgi) for atrogin-1, FOXO1, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The sequences of the forward primers and reverse primers were as follows: chicken atrogin-1, 5 0 -CCA ACA ACC CAG AGA CCT GT-3 0 -5 0 -GGA GCT TCA CAC GAA CAT GA-3, chicken FOXO1, 5 0 -GCA TGT TGA CAG CTT CCT GA-3 0 -5 0 -TTC TGC CAG CAC AAA AAC TG-3, and chicken GAPDH, 5 0 -CCT CTC TGG CAA AGT CCA AG-3 0 -5 0 -CAT CTG CCC ATT TGA TGT TG-3. Gene expression was measured by real-time PCR using a LightCycler (Roche Diagnostics, Mannheim) instrument with the QuantiTect SYBR Geen PCR system (QIAGEN K. K.). GAPDH expression was used as an internal control. For quantification of the levels of mRNA expression, PCR product roughly equivalent in size and equivalent primer lengths and GC contents of each primer (50-60%) were selected.
Muscles were homogenized in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 50 mM NaF, 2 mM Na 3 VO 4 , 0.1 mM okadaic acid, 25 mM -glycerophosphate, 1 mM phenylmethylsulfonylfluoride, 1 pg/ml leupeptin). Soluble proteins were recovered after a 10 min centrifugation (10;000 Â g), and their concentration was determined according to the method of Lowry using a protein assay kit (BioRad). Equal amounts of protein were boiled for 5 min and analyzed in 10% SDS-polyacrylamide gel electrophoresis, and then transferred to nitrocellulose membrane. Subsequently, the membranes were treated with blocking buffer (5% nonfat dry milk in PBS) for 1 h at 4 C. The blocked membranes were probed with primary antibodies and further incubated with a secondary antibody conjugated with horseradish peroxidase. Bound IgG was detected using an enhanced chemiluminescence system (Amersham Biosciences). The primary antibodies used in this study were anti-Akt (rabbit polyclonal IgG, Cell Signaling, #9272) 1:1,000; anti-phospho-Akt (Ser 473) (rabbit polyclonal IgG, Cell Signaling, #9271) 1:1,000; anti-FKHR (FOXO1) (rabbit polyclonal IgG, Cell Signaling, #9462) 1:1,000; and anti-phospho-FKHR (FOXO1) (Ser 256) (rabbit polyclonal IgG, Cell Signaling, #9261) 1:1,000.
Plasma insulin concentration was determined by enzyme immunoassay using an insulin assay kit (Rat Insulin ELISA Kit; Shibayagi), which used chicken insulin (a kind gift of Dr. John P. McMurty of the United States Department of Agriculture) as a standard.
Plasma corticosterone concentration was determined by enzyme immunoassay using a corticosterone assay kit (Rat corticosterone EIA Kit; Diagnostic Systems Laboratories).
Data were analyzed by one-way analysis of variance and Tukey's multiple comparison test. A p of value <0:05 was considered statistically significant. Each result is expressed as the mean AE SD.
In the present study, the effect of fasting and refeeding on atrogin-1 mRNA expression and Akt/ FOXO signaling pathway in skeletal muscles of chicks was investigated. The result of mRNA expressions of atrogin-1 is shown in Fig. 1A . Expression of atrogin-1 mRNA was significantly increased by fasting, whereas refeeding significantly suppressed it. We reported previously that fasting stimulates expression of proteolytic-related genes (ubiquitin, proteasome C2 subunit, calpain, cathepsin B, and caspase-3), resulting in an increase in proteolysis, and that refeeding suppresses expression of proteolytic-related genes, resulting in a decrease in proteolysis in skeletal muscle in chicks.
3) It has been reported that fasting stimulates expression of atrogin-1 mRNA in rodent skeletal muscles. 9, 14) We also found that fasting stimulates atrogin-1 expression in skeletal muscle of chicks, but, the effects of refeeding on atrogin-1 expression were not reported previously. The results of Akt and FOXO1 phosphorylation in skeletal muscle of chicks are shown in Fig. 1B . Akt was not affected by fasting and refeeding. On the other hand, phosphorylation of Akt was increased by refeeding but not by fasting. FOXO1 was increased by fasting, and refeeding decreased it. FOXO1 phosphorylation was increased by refeeding but not by fasting. Furuyama et al. have also reported that FOXO1 was increased by fasting, and that refeeding caused recovery of the induced FOXO1 to the control level. 21) These results are consistent with ours. Our results also indicate that refeeeding stimulates phosphorylation of FOXO1 in skeletal muscle of chicks. The FOXO subfamily of forkhead transcription factors are a downstream target of Akt. This subfamily consists of three members, FOXO1 (FKHR), FOXO3a (FKHRL-1), and FOXO4 (AFX), which are all inactivated by Akt. 17, 18) It was shown recently that Akt can dominantly inhibit induction of the atrophy gene of atrogin-1 by phosphorylating and thereby inhibiting the function of the FOXO transcription factors, 19, 20) but, the effect of refeeding on phosphorylation of Akt and FOXO1 was not reported previously.
The present study indicates that the atrogin-1 found in skeletal muscle is selectively induced by fasting and coordinately upregulated in fasting at the molecular level. A specific transcriptional program that favors muscle atrophy is thus likely to be triggered upon food deprivation depending on metabolic and endocrine status. Plasma insulin and IGF-1 are widely believed to be major regulators of the anabolic drive of nutrients. Plasma insulin concentration increases rapidly with refeeding. 5) Insulin reduced muscle protein degradation, through a decrease in the expression of atrogin-1 in an ATP-ubiquitin-dependent system. 22) Plasma insulin concentration was also dramatically increased by refeeding in chicks (fed, 153:7 AE 40:9, versus refed, 1840:5 AE 389:9, p < 0:01). On the other hand, glucocorticoids are known to be factors that regulate the protein turnover in skeletal muscle. 23) Glucocorticoids stimulate muscle protein degradation through an increase in the expression of atrogin-1 in an ATP-ubiquitin-dependent proteolytic system. 19, 20) Plasma corticosterone concentration was significantly increased by fasting in chicks (fed, 44:2 AE 5:9, versus fasted, 61:2 AE 10:1, p < 0:05). We also showed that atrogin-1 expression was increased by fasting and decreased by refeeding in skeletal muscle of chicks (Fig. 1A) . Insulin and IGF-1 stimulates phosphoinositide 3-kinase and its downstream effector, Akt, which posphorylates the FOXO protein. 19, 20) Phosphorylated FOXO proteins are unable to translocate to the nucleus, where they promote the transcription of the atrogin-1 gene. 19, 20) Catabolic hormones (e.g., glucocoricoids) and conditions that interfere with IGF-1 signaling decrease the phosphorylation of FOXO and increase the expression of atrogin-1. 20, 24) Our results suggest that insulin stimulates phosphorylation of Akt and FOXO1, resulting in a decrease in atrogin-1 expression during refeeding, and that corticosterone stimulates FOXO1 expression, resulting in an increase in atrogin-1 expression during fasting in skeletal muscle of chicks.
In conclusion, our results indicate that refeeding suppresses phosphorylation of Akt/FOXO, resulting in a decrease in atrogin-1 expression in skeletal muscle of chicks.
